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the calculated component pressure losses wlll yield the over-
all pressure loss in a syetem where the magnitude and loca-
tion of interference effects are largely unknown. Interfer-
ence effects are defined as those occurring where disturbances
in one component cause the flow distributlion at the entry of
another component to be unsymmetrical, thereby affecting the
pressure loss.

This report contains an analysis in whiech the material
in the blbliography of reference 1 was used to calculate the
pressure losees in a heat-exchanger installation. The 1so-
thermal pressure losses in the inetallation were meamasured for
the purpose of provlidlng an experimental veriflcation of the
analytical predictions. The comparison indlcatee the valildity
of the analysele and the magnitude of the interference effects
in the test installation.

DESCRIPTION OF THE HEAT-EXCHANGER INSTALLATION

Heat exchangers of the tyvpe reported herein have found
particular application in tke fleld of ice prevention and
cabin heating where they are used to supply an adeguate and
reliable source of heated alr br utilisging the waste heat in
the engline exhaust gae., The heat-exchanger installation here-
in descrlibed was developed for use in the lce-preventlon sye-
tem of a large alrplane. The heat exchanger 1s located in the
exhsust-gas ducting between the englne and two turbosuper-
chargers which are arrangeé for single or parallel operation.
Turbosupercharger 1 is blocked off by a butterfly valve whan
turbosupercharger 2 1s operating alone. When both are operat-
ing in parallel, the flow of exhaust gas 1is adjusted so as to
be divided equally between the turdbosuperchargsers.

General views and construction detalls of the heat ex-
changer are shown in figures 1 and 3, respectively. 1In a
cross-flow plate-type heat exchanger, such as the one tested,
the exhaust-gas and air flow at right angles 1in alternate pas-
sages between formed steel plates, each plate thus formling an
interface through which heat 18 transferred from the exhaust
gas to the slr. At design conditlions of 155 miles per hour
and 18,000 feet vressure altitude, a total of 800,000 Btu per
hour is to be transferred from 132,000 pounds per hour of ex~
haust zas to an egual amount of air. '

The headers shown in figuree 3 and 4 serve as transition
pleces 1n ducting alr and gas into and out of the heat
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exckanger. The branches in the exhaust-gas outlet headsr
lead to the two turbosuperchargers.

AWALYSIS

The isothermal pressure losses in each component of the
teset lnstallation were calculated as followe: The shape of
the component was compared to those on which data (usually
shown in graphs) were published, and where similarity existed
the data were applied to the component. The loss factor cor-
responding to the dlmensions of the component was then resad
from the reference data and multiplied by the local velocity
head to obtaln the pressure lose, Where losses in a compo-
nent resulted from a combinatlion of effects (i.e., diffusion,
turaing, contraction) each effect was 1solated, the corre-
senonding loass calculated, and the resultes added tc glve the
total loss.

Alr-Side Losses

Inlet-header losses.- The alr inlet header 1s shown in
fisure 3(a) to conslst of a vaned elbow superimposed on a
diffuser., The loss in the elbow was computed using data on
vaned elbowa published in reference 2 where the pressure-loss
factor 1s plotted as a function of the s/e¢ or gap/chord
ratio 1in the vanee. This value ranged from 0,48 to 0.62, and
the corresponding loss 1s approximately 25 percent of the ve-
locity head at the header entrance, At the design flow reto
of 12,000 pounds per hour, the velocity head 1e 0.90 1nch of
water and the turning loss 18 0.226 inch of water,

The loss caused by the expansion 1ln area was computed
using data on etralght diffusers which appear in referexnce 3.
If the expansion ie assumed t0 occur principally in the vanes,
an effective angle of dlvergence, based on the length of the
vanes (3 to 7 in.) and the ratio between the inlet and outlet
areans (Az/A; = 2.3), has a value between 11° and 23°. The
correeponding loss factor 1s about 20 percent of the change
in velocity head through the vanes, which at the deslgn flow
rate 1s 0.73 inch of water. The expansion loss 1s then 0,145
inch of water.

The total air-inlet-header loss 1s then the sum of the
turnlng and diffuser losses - or 0.37 inch of wator.
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Heat~exzchanwer loggeg.~ The lose in the heat exchanger
was assumed to result from frictlion on the plate surfaces and
expansions in the three corrugations running transverse to
the air flow and in the outlet end of the plates. (See fig.
2.) The friction loss was caloulated using the Fanning equa-
tion (reference 4) and 1s 1.12 inches of water at the design
flow rate.

Since the expansions have an included angle larger than
50°, the losses are approximately equal to those in sudden
expanslionsg. formula for such losses apvears in reference 3
and in thls case the total loss for all four expanslons 1s
2.02 inches of water.

The total heat-exchanger loss 1s 3.14 incheg of water at
the deesign flow rate.

Outlet~header losseg.- Slnce the contractlon 1s gradual,
the princlpal loes occurring 1n the ontlet header was assumed
to result from tlie elbow. Data 1in references 2 end 5 were
used. For a value of sfc of about 0.3, the loss factor is
0.2. As a cleck, 1f the vanes are omitted, the loss corre-
sponding to a mean-elbow radius/diameter ratio R/D of 1 hae
a value of 0,25, Thls 18 ronsidered to be good agrsement and
the loas corresponding to a velocity head of 0.85 inch of
water 1s adbout 0.17 luckh of water.

Over-all lops.- By adding together theo above calculated
values a result of 3.68 1lnches of water 1s obtalned fecr tlhe
pressure loss 1n the alr side of the 1lnstallatlion at design
flow rate.

The calculated values of pressure lossea 1in the alr-
gelde ducting are plotted in flgure 5.

Gas-Side Losses

Inlet-header losses.- As the air (dnring lsothermal
testr) entors the inlet header (fig. 4(a)), it is imumediately
turned through approximately 90° in an elbow having a circu-
lar cross section. Following the turn 1t passes through an
expanslon in duct area. An elbow which is followed by a
stralght sectlon of duct cavses a lower pressure loss than
one wkich 1s not, because of recovery in the duct. This ef~
fect is shown 1n refsrence 5§ for rectangular ducts. The same
refarenca presents data only on circular elbows which are
followed by stralght ducts; therefore, 1n order to apply
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thece data to the gae inlet header, the loss was increassd
by the comparable difference between the curves for rectangu-
"lar ducts. —e ’

Thus, for an R/D of 0.85, the elbow loss factor is
0.33, and by adding 50 percent (from comparison with rectan-
guler ducta{ the loes becomes 50 percent of the veloclity head -
or 0.52 1inch of water,.

Similar to the above calculation, the effect of the el-~
bow on the dlffuser loes 1s expected to bse apprecladble in
this case. Because of the separation of flow at the ilnner
radlius of the elbow, the alr 1s not diffused uniformly, and
it 18 expected that the use of date on stralght- diffusers
wlll result 1in an underestimate of the losa. In thie case
the loss was assumed to be equal to that in a sudden expan-
slon. The loss was calculated to have a value of 40 percent
of the change in velocity head, or about 0.35 inch of water.

The total calculated loss in the inlet header is then
the sum of the two losses, or 0.87 inch of water at the de-
sign flow rate of 12,000 pounds of alr per hour.

Heat-exchanzer losdee.- In effect, there are 88 parallel
paseagae throrgh the gas side of the heat exchanger, since
the 22 passages between the plates are each dlvided into four
by the corrugations shown in filgure 2. It is assumed that
the flow 18 equally divided between the passages, and that
the calculation of the pressure drop through any one passags
is the same as that of the entire exchanger.

Using the Fanning equation, as for the alr elde, tlke
friction prossure drop was calculated to be 0.56 inch of
water at the total flow rate of 12,000 pounds of alr per hour
through the heat exchanger.

- The only expansion loss occurs at the outlet end of the
passage and, as before, 1te loss 1s consldered to be equal
to that of a sudden expansion., Since the area ratio 1s 2.3,
this loss amounts to 0.28 inch of weater.

The sum of the heat-exchanger loases 18 then 0.84 inch
of water at the ddsign flow rate.

Outlet-header logses.- As shown in figure 4(b), the gas
outlet header consists of a combination wye and a contraetion.
This shepe is too irregular to lend 1tself to elementary anal-
yeils. It will be noted, however, that a 90° turn occurs in
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the branch to turbosupercharger 1, If, under the condlition

- of operation when the flow is equally divided between the two
turbosuperchargars. the total premssures are "the same in each
branch upstream of the elbow, then any difference downstream
should be the result of the turning loss in the elbow. This
is the only loes that wes calculated for the gas outlet header.

A flow rate of 6,000 pounds per hour through the elbow
corresponds to & total flow rate of 12,000 pounds per Lour
through the heat exchanger, and for an R/D of 0.75 in the
elbow the loss 1s 36 percent of the velocity head -~ or 0.323
inch of water.

Over~all losseg.~ The over-all pressure loee on the gas
elde has been calculated only for the conditlion where the flow
1s equally divided between the ducts leading to the two turbo-
superchargers. This velue for the branch of the syestem lead-
ing to turbosupercharger 2 1s the sum of the inlet-header and
heat~exchanger losses, and for the branch leading to turbo-
supercharger 1 is the sum of the inlet-header, heat-exchanger,
and outlet-elbow loeses. The two values are 1,71 and 3.05
inches of water, respectively, at the deslgn flow rate.

The calculated values of pressure losses 1in the gas-side
ductinz are plotted in figure 6.

DESCRIPTION OF TEST APPARATUS

The heat exchanger and headers were assembled and teuled
for lsothermal pressure losses in the arrangements showa in
figurose 7 to 10, As seen in these figures, a number of dif-
ferent arrangements were tested. It was possible in this
manner to determine not only the pressure losses 1n the varil-
ous parts, but also the magnitude of the interference effects.

The butterfly valve upstream of the venturl meter in the
duct to turbosupercharger 1 (fig. 10) was shown by the tests
to have a negligible effect on the accuracy of the venturi
under the condltions of the tests.

The pressure rakes and traversing shielded total- and
statlc-pressure tubes shown in flgure 11 were used 1n making
the pressure measurements. The manometers on which these
preesures were indlcated are shown in figure 8. In all cases,
the multiple~tube manometers were used with the pressure rakes
and micromanometers with the travereing tubes shown 1n filgure
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11(b). These micromanometers are mechenically driven and are
set up. o indicate a eingle differential pressure to a least
count c¢f 1 millimeter of fluid (in this case, water). The

unuse of multiple~tube manometers, together with the pressure
rakes, made 1t possible to obtain insteantaneous flow patterns
on the entlre dlameter of the ducte. The shilelded total pres-
sure tubes were used in reglons where the direction of flow
was uncertaln. These tubes will indicate the correct total
pressure when yawed through angles up to 60 from the direc-
tion of flow.

TEST PROCEDURE

The measured values of pressure losses in ths heat-
exchanger lnstallation were obtalned from the followlng ar-
rangements. The general purpose of the procedure was to ob~
tain as many crose checks on the data as were practical.

(2) The arrangements shown in figure 8 were used in ob-
talning the data on over-all pressure losses.
It was 1n thie form that the 1lnstallation was
originally designed.

(b) ™he losses in the heat exchanger were determined
with the arrangements shown in filgure 7, the
stralght headers allowing measuroment of the
losses as unaffected by the headers.

(c) Pigzures 9(a) and 10(a) show the arrangements in
which the header losses were measured with the
heat exchanger 1n place. These arrangements are
identical with those in figures 8(a) and 8(b)
except that travereing sectione have been 1ln-
serted between the headers and the heat exchanger.

(d) Pigures 9(b) and 10(b) show arrangemente used in
measuring header losses wlth the heat exchanger
removed.

The above~outllned procedure has made 1t posslble to use
the data from two lndependent tests in plotting the values of
pressure loss 1In each part. 1In the care of the exhaust-gas
slde of the 1nstallation, two conditions of operatlion were
investigated. Referring to flgure 10, under one condition
the bransh to turbosupercharger 1 was blocked off and all alr
vag directed to turbosupercharger 2, and, under ths second
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condition, the air flow was equally divided between the two
turbosuperchargers. The over-all pressure loeses were meas-
ured under both conditions. The radial locatlons at which
preseure measurements wers obtained in the round ducts are
given by the rake details in filgure 11(a)., TFor the rectan-
gular ducte in which the traverses were made, the duct crose
sectlion was assumed to be divided into 25 equal-area squares
and pressure measurements were taken at the center of each
squars.,

TEST RESULTS

The exvperimentally determinad values of pressure loesses
in the air slde of the installation are presented 1in flgure
5 and those in the gas sids in figures 6(a) and 6(b).. The
difference between the pressure losses determlined wlith ar-
rangementes (c) and (4) in the test procedure was negligible
and test points from both arrangoments are presented in the
curves in these figures,

Zach test polnt represents the difference between aver-
age total pressures at stations upstream and downstream of
the duct component. The average pressure at a statlon was
obtained from 20 total-pressure readinge in the case of the
round ducts (for locations, see fig. 11(a)) or from 25 total-
pressure readings at the centers of as many equal-area rec-
tangles 1n the rectangular duvucting.

In order to show the effect of the headers on the pres-
sure loss 1n the alr and gas passages of the heat exchaugzaer,
additional data were taken usling the arrangements shown in
figures 9(a) and 10(a). Theee data are compared in figure 12
with those taken using the arrangement in flgures 7(a) and
7(b). Likewiee, to show the effect of the traversing sec-
tions (which were installed between the headers and heat ex-
changer to measnre the header losses) on the over-all pressure
loss, data taeken from the arrangements shown in filgures 8(a),
8(v), 9(a), and 10(a) are plotted in figure 13.

ACCURACY OF MEASURIMENTS

From a conslderation of the readabllity of the manometers,
accuracy of venturl constants, and flow conditlions in the in-
stallation, the flow rates are thought to be accurate to with-
in 2 percent, and the values of over-all pressure losses
within about +5 percent of the measured values.
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Because of large-scale turbulence coupled with complete
reversals of flow in the regions between the headers and heat
exchanger, the accuracy of pfassure-loss measurements 1n the
headers is believed to be of the order of 10 percent of the
measured values.

DISOUSSION

A comparison of the analytical and experimental results
in figures 5, 6(a), and 6(b) indicates that the predicted
values of the losses were, in general, slightly low. The
agreement belng generally closer than 30 percent 1lndlcates
that the analysis 1g applicable and is evidence of the fact
that the interference effecte did not cause a large lncrease
in the losses 1n thils Installatlon over the predlicted values
in which the Interfersnce was assumed negligible.

The experlimental and analytical results from flgures 5,
6(a), and S?b) are presented in bar-graph form im figures 14
and 15 for comparlson of the lossee 1n the component parts.
The agreemsent between the experimental and analytical values
for the over-all pressure loesg 18 better thama those for the
component parts because of the moreg accurate measurement of
over-all pressures.

Wnen the values of measured pressure losses in the com-
ponent parte of the gas side of the installatlion are added
together, the summatlion oxceeds the measurod value of over-
all pressure lose by the amount shown in figure 15 as exrer -
imental error in measuring component losses, Thie diffurence
18 attributed to the difficulty of making accurate measure-
ments 1in the reglons between the gas headers and heat ex-
changer, A similar dlifference between the summation of 1n-
dividual and over-all losses 18 not evlident 1n the alr duct-
ing (fig. 14) where the large separation effects are not
present and resulting measurements are more accurate.

The difficulty in obtalning accurate measurements 1n the
reglon between the headers and heat exchanger is further em-
phasized by the comparison of gas-~side data for the two con-
ditione shown 1n figure 12 whers the installatlon headers ap-
pear to raduce tke pressure loss 1n the gas slde of tks heat
exchanger. Such an effect 1s improbable and this difference
1s attrlbuted to inaccuracies in messurement.

A header of the type shown in figure 4(a) 1s undesira-
ble, not only because of the excesslve pressure loss (in fig.



NACA ARR No. 5019 10

15 the pressure loss in the inlet header 1s shown to bPe larger
-tkhan that in_the heat exchangp:). but also because of the un-
even distribution of flow into the heat exchanger. TFTlow dis-
tribution in the various parts of the installation 1s shown

in figures 16 to 19. It ie to be noted that, while the heat
exchanger has an appreciable damping effect on the dlstribu-
tlon, figure 18 shows the uneven distribution caused by sep-
aration in the inlet header to pereist into the reglon down-
stream of the heat exchanger.

One of the values 1in this type of analyeis is in the lo-
catlon of losseas which cannot be isolated experimentally,.
The test results can only indicate the magnitude of the loss
through the duct component, and offer no clue to the cause of
the loss or the dletribution of the loss among several causes,
Thus, without an analytical apvroach, the large contribution
(fig. 14) of the expansion lossges 1n the exchanger to the
over-all loss across the exchanger might not be suspected,
The corrugation expansion losses in the air side, which are
not present in the gas eids, plus the increased irlectlon re-
asulting from narrower gaps on the alr gide comblne to cause
the alr-side loss to be over flve times ae large as the gas-
side loss.

The agreement between the analytical and experimental
values of over-all prassure loss on -both sldes of the instal-
lation shows that i1t 1e posrible to predict analytically the
nagnitude of the loesses in & ductling system of this type.
Jowevor, 1t 1s obvious that there i1s a need for investliga-
tione of interference effects, particularly in expanding el-
bows of the type appearing in this installatlion.

In the ducting arrangements used in the present inves-
tigation, the ailr was drawn into the installatlion through
short bell-entry ducte. Ailr delivered to the test rsgion
through such entries has a low~turbulence level and there 1=
little opportunity for the growth of boundary layers at the
walls. Several investigators have shown that when the flow
18 more disturbed and whean thick boundary layers are present
in the supply duct, the losees, particularly in diffusers,
are increased because of the more favorable conditions for
the occurrence of separation. It 1s probable that the inlet-
header losses 1n this installation would 4increase under such
conditlons; however, 1t 1s not poesible at the present time
to predict thelr magnitudes. This points to the need for
systematlic investigatlone of the effects of initial turbdulence
and flow conditions.
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CONCLUSIONS

l, Isothermal pressure losses can be predicted analyt-
ically in the type of ducting system which may be broken down
into the elementary forms of elbows, diffusers, and etralght
ducts for which pressure~loss data are published.

2. For duct installations elmilar to that tested, 1in
which the Interference effects may be reasonably assumed to
be small or negliglble, the summation of the calcoulated
losses for the 1lndividual conponents wlll bo 1n close agree-
ment with experimentally determined values of the over-all
pressure loss,

3. The large-scalc sevaration occurring in poorly de-
slgned expanding elbows results in uneven flow distribution
and increased pressurs loss. The results of this investlga-
tion indicate that the losgses in such elbows can be predlcted
analytically with a fair degree of accuracy, but experimental
values of the losses are subject to the uncertalntles of
presgsure measurements 1n regions of uneven flow distributlon.

Ames Asrconautical Laboratory,
National Advieory Committee for Aeronautics,
Moffett Fleld, Cfalif.
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Figure 1.- The exhaust-gas-to-air heat exchanger.
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(a) Air side

Figure 8a,b.- Ducting and instrumentation for measuring the
over-all pressure loss in the complete heat-
exchanger installation.
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(b) Gas side Figure 8.~ (Conoluded).
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